A genomic library containing DNA fragments of 0.5 to 2 kilobase pairs in length from Yersinia enterocolitica serovar 0:8 was constructed in a bacteriophage lambda gtll expression vector. Mouse antibodies specific for the iron-regulated high-molecular-weight proteins (HMWPs) were used to screen the library. Two positive clones of 1 and 0.5 kilobase pairs, designated A13 and D7, respectively, were detected and isolated. They coded for 0-galactosidase fusion proteins of 151,000 and 138,000 daltons (Da). Antibodies affinity purified on the two recombinant lambda gtll vectors specifically recognized the smaller HMWP (190,000 Da) and not the larger (240,000 Da). The two cloned DNA fragments were used to construct recombinant amplification plasmid pUC13 and to obtain large amounts of purified A13 and D7 inserts. Southern hybridizations performed with the inserts used as probes revealed that: (i) the two cloned DNA fragments overlap; (ii) only one gene hybridizes with the A13 and D7 inserts; (iii) the gene coding for the HMWP is conserved among all highly pathogenic Yersinia species studied; (iv) this gene is missing in the low-virulence and nonvirulent strains; and (v) transcription of the HMWP gene is induced by iron starvation.
The yersiniae can be separated into two groups: the virulent species (Yersinia pestis, Yersinia pseudotuberciulosis, and Yersinia enterocolitica serovars 0:3, 0:8, 0:9, and 0: 5, 27 ) and the avirulent species (Y. enterocolitica of other serovars, Yersinia intermedia, Yersinia frederiksenii, Yersinia kristensenii, and Yersinia aldova). All of the virulent species harbor a 42-to 47-megadalton (MDa) plasmid (2, 7-9, 25) essential for virulence, since its loss corresponds to loss of pathogenicity. Nevertheless, the virulent species do not have the same degrees of pathogenicity. They can be further subdivided into high-and low-pathogenicity phenotypes on the basis of the severity of disease in humans and lethality for mice at low doses (50% lethal dose of <102). Introduction of a plasmid isolated from a highly pathogenic species into a low-virulence strain did not confer the high-virulence phenotype to the recipient (10) . This finding indicates that the differences in degree of pathogenicity are not plasmid linked. It is therefore likely that chromosomal genes govern this character.
One of the factors involved in bacterial virulence is iron. In vivo, iron is complexed to host proteins such as transferrin in blood and lactoferrin in secretions and is not readily available as a free ion (23) . In Yersinia species, the lowpathogenicity strains require iron overload to cause septicemia in humans (14, 15, 18) or lethality in mice (17) . In contrast, the highly pathogenic species do not depend on an exogenous supply of iron to produce the same effects (17) . They probably possess one or more intrinsic factors that allow them to use the complexed iron. We have demonstrated that under iron starvation, the yersiniae synthesize new polypeptides in vitro (6) . Two of these polypeptides, the high-molecular-weight proteins (HMWPs), are expressed only by the highly pathogenic species Y. pestis, Y. pseudotuberculosis, and Y. enterocolitica serovar 0:8 and are antigenically related among these species. In contrast, the low-pathogenicity strains Y. enterocolitica serovars 0:3 and 0:9 and the nonvirulent species do not synthesize even a shortened form of the HMWPs (5a (6) . The 6/69M plasmids were kindly provided by I. Guilvout (Institut Pasteur, Paris, France).
Escherichia coli Y1090 was used for lambda gtll plating and immunoscreening, and E. coli Y1089 was used for preparation of lysogens. Both strains were obtained from Promega Biotec. E. coli LE392 (12) Construction of a genomic library in lambda gtll. DNase I fragments of chromosomal DNA from strain Ye 8081 were generated essentially as described by Anderson (1) with some modifications (13) . Briefly, 6 ,ug of chromosomal DNA was partially digested with 1 induced at 42°C for 30 min. IPTG (10'-M) was added, and incubation continued at 37°C for 90 min. After the cells were harvested by centrifugation, the pellet was suspended in Laemmli solubilization buffer (11) and boiled for 5 min.
To obtain membrane proteins, strain Ye 8081 was grown for 3 days in a chemically defined liquid medium (6) supplemented with 150 ,uM FeCl3 or 50 ,uM 2,2'-dipyridyl. Membrane proteins from iron-rich or iron-depleted Ye 8081 were extracted as previously described (6) .
Construction of recombinant plasmids. Recombinant bacteriophage DNA was prepared from the lysogens as described by Maniatis et al. (12) with minor modifications and digested with restriction endonuclease EcoRI. The inserts were ligated in the EcoRI site of the amplification plasmid pUC13. The recombinant plasmids were propagated in E. coli LE392.
Purification of inserts and preparation of radiolabeled probes. Recombinant pUC13 plasmid DNA was extracted by the method of Birnboim and Doly (4). A 30-,ug sample of the plasmid DNA was digested with restriction endonuclease EcoRI and electrophoresed on a 0.8% agarose gel. After the bands corresponding to the inserts were cut out, the DNA was electroeluted at 100 mA for 1 h, phenol extracted, and ethanol precipitated. Purified inserts were controlled by passage in an expression plasmid (19) before being used to prepare radiolabeled probes by nick translation as recommended by Boehringer Mannheim Biochemicals. The nonincorporated nucleotides were removed by spin dialysis on a Sephadex G-50 column.
Southern hybridization. Approximately 3 ,ug of DNA from the various Yersinia strains was digested with restriction endonucleases under the conditions recommended by the suppliers and subjected to electrophoresis in 0.6 or 0.8% agarose gels. DNA was transferred to nylon filters (21) and hybridized with the radiolabeled probes essentially as described by Mattei et al. (13) .
Preparation of bacterial RNA fraction and dot blot. Strain Ye 8081 was grown for 2 days at room temperature in chemically defined medium containing FeCl3 or 2,2'-dipyridyl. Bacteria were pelleted by centrifugation, and RNA was extracted as described by Von Gabain et al. (22) with some modifications: bacteria were lysed in 0.15 M sucrose-0.01 M sodium acetate (pH 4.5)-2% SDS at 65°C. After extraction with hot phenol, the nucleic acids were ethanol precipitated and treated with a solution of RNase-free RQ1 DNase containing 0.4 U of RNasin per ml. The RNA fraction was recovered after phenol-chloroform extraction and ethanol precipitation.
Dot blot was performed by diluting the RNA samples in a formamide-formaldehyde buffer as described by Maniatis et al. (12) and by spotting 8 ,ul of serial dilutions of the RNA onto a nylon filter. The filter was hybridized overnight at 65°C with the probe diluted in 1% bovine serum albumin-1 mM EDTA-7% SDS-0.5 M sodium phosphate (pH 7.2) and washed four times in 1 mM EDTA-1% SDS-0.04 M sodium phosphate (pH 7.2).
SDS-polyacrylamide gel electrophoresis and Western blot. Proteins were electrophoresed in a 7.5% acrylamide gel as described by Laemmli (12) at a constant current of 50 mA. The gels were either stained with Coomassie blue or used for electrotransfer of proteins to nitrocellulose filters. Immunoblot was performed as described by Burnette (5), using the HMWP-specific antibodies diluted to 1/2,000 and the antimouse alkaline phosphatase conjugate.
RESULTS
Isolation of recombinant bacteriophages. A genomic library of randomly sheared fragments of Y. enterocolitica serovar 0:8 DNA was prepared in the expression vector lambda gtll containing 3 x 106 plaques. A total of 105 plaques was screened with the HMWP-specific antibodies. There was a strong antibody reaction for two clones and a weak reaction for three. Only the two strongly positive clones, designated A13 and D7, were studied further. HMWP-specific antibodies were affinity purified on plaques of A13 and D7 and used to identify which HMWP was recognized on immunoblot with total membrane proteins from iron-starved or iron-replete Y. enterocolitica Ye 8081. The HMWP-specific antibodies recognized both the 190,000-and 240,000-Da HMWPs, whereas the antibodies eluted from the two clones reacted strongly only with the 190,000-Da protein (Fig. 1) . The faint recognition of the 190,000-Da protein by the antibodies affinity purified on lambda gtll corresponded to a slight, nonspecific binding of the HMWP antibodies on the lambda plaques. As expected, no protein was recognized in the bacteria grown under iron excess. Thus, the clones isolated expressed sequences specific for the 190,000-Da HMWP.
Upon induction, lysogens of A13 and D7 expressed fusion proteins of 151,000 and 138,000 Da, respectively. Concomitantly, a protein with a mass of about 116,000 Da, expected to be the P-galactosidase, was observed in the lambda gtll extract ( Fig. 2A) . The A13 fusion protein contained about 35,000 Da of the HMWP, whereas the D7 protein had a 22,000-Da fragment. On immunoblots, the two fusion proteins were specifically recognized by the anti-HMWP antibodies (Fig. 2B) , which indicated that they harbored antigenic determinants of the HMWPs.
To investigate whether the A13 and D7 inserts were two separate fragments of the 190,000-Da HMWP gene or whether they overlapped, antibodies were affinity purified on each clone and allowed to react with A13 and D7 or with vector bacteriophage plaques. Both recombinant bacteriophages were recognized by the antibodies purified on A13 or D7, whereas no reaction was observed with lambda gtll (Fig. 3) . These results indicate that the fusion proteins encoded by the inserts antigenically cross-react and suggest that at least a part of the hybrid molecules is common to the two clones.
Analysis of the A13 and D7 inserts. From the size of the fusion proteins, it could be calculated that the D7 and A13 inserts should be about 600 bp and 1 kbp, respectively. The DNA inserts were recovered from recombinant bacteriophage DNA by EcoRI digestion and recloned in the amplification vector pUC13. Their sizes were close to those predicted: D7 possessed an insert of 500 bp, and A13 liberated an EcoRI fragment of approximately 1 kbp (Fig.  4A ). This result indicates that the cloned sequences are likely to consist entirely of coding sequences.
Pure inserts were prepared by electroeluting the EcoRI fragments separated on agarose gel. To ensure that this treatment did not alter the inserts, the inserts were cloned into an expression plasmid, and the synthesis of recombinant proteins was confirmed by immunoscreening with the HMWP-specific antibodies (data not shown). DNA homologies between the A13 and D7 clones were confirmed by Southern blots; recombinant pUC13 plasmids were digested with EcoRI, electrophoresed, and transferred onto nylon filters. Hybridization with a radiolabeled probe prepared from the purified A13 insert showed that the two inserts were recognized equally by the probe (Fig. 4B) . These results suggest that the two cloned DNA sequences are overlapping.
Southern hybridizations of chromosomal DNA from various Yersinia strains with the A13 and D7 probes. Incubation of the recombinant pUC13 plasmids with restriction endonucleases EcoRI, HindIl, BamHI, and PstI revealed that none of these enzymes cleaved the A13 and D7 inserts (data not shown). The purified A13 and D7 inserts were used to prepare radiolabeled probes. DNA from the highly pathogenic strains Y. pestis 6/69M, Y. pseudotuberculosis IP 2637, and Y. enterocolitica serovar 0:8 WA and Ye 8081, from the low-virulence strains Y. enterocolitica IP 383 and IP 864, and from the avirulent strains Y. frederiksenii IP 16840 and Y. pestis EV 76 were extracted and digested with EcoRI and HindIll. After Southern hybridization with the radiolabeled A13 and D7 inserts, one restriction fragment of Ye 8081 reacted with the A13 probe ( Fig. SB and 6B, lanes 5) . The hybridization pattern was identical with the D7 probe (data not shown), which confirmed that the two inserts overlapped. In the highly pathogenic species, one restriction fragment strongly hybridized with the A13 (Fig. 5B and 6B , lanes 2, 4, 5, and 6) and D7 (data not shown) probes. In contrast, no DNA sequence was strongly recognized in the low-virulence and nonvirulent strains (Fig. SB and 6B , lanes 7 to 9). An additional restriction fragment of 6 kbp for EcoRI and 10 kbp for HindIII weakly reacted with the probes in the two Y. pestis strains (Fig. 5B and 6B, lanes 2 and 3) . This pattern of hybridization was confirmed by digesting the DNA of strains 6/69M, EV 76, IP 2637, and Ye 8081 with two other restriction endonucleases that did not cleave the inserts: PstI and BamHI. Hybridization with the A13 probe revealed that only one fragment was strongly recognized in each strain (Fig. 7A and B) . Another fragment was once more weakly recognized in 6/69M and EV 76 (Fig. 7A and B,  lanes 1 and 2) . These results show that with four different restriction endonucleases, only one band of DNA was strongly recognized each time.
By using restriction endonuclease Avall (an enzyme that cleaves within the A13 insert) to digest the DNA of the same strains, two restriction fragments were found that strongly hybridized with the probe (Fig. 7C) . The additional band common to 6/69M and EV 76 was not cleaved by the enzyme (Fig. 7C, lanes 1 and 2) , which indicated that the crosshybridizing sequence does not have an AvaII restriction site.
Southern hybridization of the 60-and 6-MDa plasmids from strain 6/69M with the A13 probe was performed. No band was recognized (data not shown), which indicated that the cloned DNA sequences are not present on these plasmids. Comparison of the RNA from iron-starved and Ye 8081 by dot blot. RNA was extracted from sti growing under iron starvation or iron repletion c( dot blot, only the RNA from iron-starved bact with the A13 probe (Fig. 8) , which demonstra gene coding for the 190,000-Da HMWP is not ti iron is available for the bacteria.
DISCUSSION
We recently described the synthesis of novel I by iron-starved Yersinia species (6) 6 /69M harbored two plasmids of 60 and 6 MDa, and IP 2637 contained a 60-MDa plasmid. However, the plasmids from strain 6/69M did not hybridize with the A13 probe, which suggests that the HMWP is also chromosomally encoded in this strain.
In the low-virulence and nonvirulent strains, the HMWPs are not expressed. The specific antibodies do not recognize even an altered form of these proteins. The absence of the HMWPs could result either from a defect in the transcription-translation of the gene or from a deletion of the gene itself in these strains. Southern analysis of the DNA of the low-virulence Y. enterocolitica serovars 0:3 and 0:9 and of the avirulent Y. frederiksenii showed that no band hybridized with the probe. This result demonstrates that the lack of expression of the HMWP in the low-virulence and nonvirulent strains results from the absence of the corresponding gene. In the vaccinal strain EV 76, this major band was also )r iron-starved absent. A 
